A series of aromatic oligoamide foldamers with two or three pyridine-2,6-dicarboxamide units as their main folding motifs and varying aromatic building blocks as linkers have been synthetized to study the effects of the structural variation on the folding properties and conformational stability. Crystallographic studies showed that in the solid state the central linker unit either elongates the helices and more open S-shaped conformations, compresses the helices to more compact conformations or acts as a rigid spacer separating the pyridine-2,6-dicarboxamide units, which for their part add the predictability of the conformational properties. Multidimensional NMR studies showed that, even in solution, foldamers show conformational stability and folded conformations comparable to the solid state structures.
Introduction
During the last decades our understanding about biological processes, such as the catalytic activity and selectivity of enzymes, has greatly increased. This understanding has brought numerous new opportunities for chemists to learn from and adapt towards chemical applications. Synthetic biomimetic oligomers known as foldamers aim to combine the advantages of biological polymers to the favourable properties of synthetic oligomers, such as endurance of varying temperatures, pH and salt concentrations, and possibility to function in organic solvents. [1, 2] Their structural rigidity obtained by, for example, repeating aromatic moieties connected by amide or urea bonds allows smaller size and a simpler design of the molecules and adds predictability and stability to their folding and secondary structures, which is the basis for potential applications of foldamers. [3] A number of different types of aromatic oligoamides have been studied both in solution and in the solid state giving indication on how structural features and interactions affect the folding and conformational properties. [4] In solution the folding properties are greatly affected by competitive interactions with solvent, thus diminishing the predictability of the folding in solution. [5] In the solid state, on the other hand, the requirement of the closest packing and possibility of small molecule inclusion either in the interstice between the foldamers or inside the fold, may alter the folding and conformational properties. [6, 7] The properties of aromatic foldamers, such as the flexibility [8] , water solubility [9] and overall conformation [10] as well as diameter [11] and chirality [12] of the helix, have been tuned by the addition of different types of monomers. The most common trend has been the addition of aliphatic monomers to make heterogeneous foldamers [13, 14] but also foldamers with different aromatic sequences have been made to create, for example, foldamer capsules [15] and selective receptors [16] . The pyridine-2,6-dicarboxamide unit is one of the structural motifs used as a turn unit to impose helical conformations on oligomers. [17] Our previous studies with a series of aromatic oligoamides (4-5 aromatic rings) with a pyridine-2,6dicarboxamide center have shown that this type of short foldamers reliably adopt two, almost equally stabile folded conformers with only small variances in their hydrogen bonding and structural features. [18] [19] [20] Which conformer, denoted as @ or S according to their overall shape (Scheme 1), [21] prevails depends on the chemical structure of the foldamer as well as environment, such as crystallization conditions and solvent. The conformers and folding of these molecules are based on intramolecular hydrogen bonding between the amide groups and the pyridine-2,6-dicarboxamide unit, which forms a suitable niche for multiple interactions, whereas aromatic interactions seem to play a minor role in the folding preferences of the oligoamides. Interestingly, the @ conformer with three intramolecular hydrogen bonds forming to a single carbonyl oxygen, resembles closely an oxyanion hole motif found in the active sites of certain enzymes. [22] Artificial, non-peptidic models for oxyanion hole are not common, as only a few examples of amide and ester carbonyls motifs as acceptors for multiple hydrogen bonds have been described. [23] Thus, aromatic oligoamide foldamers possess great potential as structural and functional mimics of enzyme catalysts. In our current study, we show that the oxyanion hole motif and the folding patterns are preserved, when the size of the foldamer increases and the number of pyridine-2,6-dicarboxamide units is doubled or tripled (Scheme 1). The spacer unit separating the pyridine-2,6-dicarboxamide units affects the overall folding of the foldamer by preventing certain geometries and/or inducing helicity or compact conformations by participating in intramolecular hydrogen bonding. This indicates that conformational adaptability of foldamers can be controlled with suitable spacers without losing the essential folding motifs and potential binding sites, such as oxyanion hole motif. papers [18] [19] [20] (see SI for details). The conformational features and the stability of the fold and oxyanion hole motif were studied in the solid state by X-ray crystallography and compared with the solution state information obtained by multidimensional NMR spectroscopy. In foldamers 1-3 two pyridine-2,6-dicarboxamide units are separated by 1-3 ortho-substituted phenyl rings and 0-2 amide bonds, whereas in foldamers 4 and 5 either a third pyridine-2,6-dicarboxamide center or its phenyl analogue are used as a spacer. The ortho substituted phenyl rings of foldamers 1-3, especially three consequent rings, act as a linear type of spacer, whereas meta substituted centers of 4 and 5 automatically cause a different type of overall fold, which in the case of the pyridine-2,6-dicarboxamide center of 5 leads to a helical fold stabilized by intramolecular hydrogen bonding to pyridine. Scheme 1. Chemical structures of the foldamers 1-5 including notifications of benzene and pyridine rings and numbering of C=O and NH groups. The spacer groups are circled with dotted lines. A schematic presentation of two observed folding patterns around pyridine-2,6-dicarboxamide center (bottom row).
Solid state conformations
The crystallization studies of the foldamers resulted in 17 different crystal structures. All of the crystal structures obtained for 1-5 were solvates, which indicates that folded molecules cannot pack very efficiently due to their complex and awkward shape. In the structures of foldamers 1-3 and 5 at least one of the pyridine-2,6-carboxamide units adopts the predicted folded @ conformation (Scheme 1; Table 1 ; Table S -3 in SI) by 2-3 hydrogen bonds from adjacent C=O group to NH groups next to pyridine ring, thus retaining the desired oxyanion hole motif. Foldamer 4 is the only exception to this as both pyridine-2,6dicarboxamide centers are in a more open S conformation. 
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Foldamer 1
Altogether six single crystal structures of the foldamer 1 were obtained (see SI for crystallization details), but only two variations of overall conformation were observed. The isomorphous structures of 1-DMA-H2O and 1-MeCN-H2O adopt an overall tight helical conformation with both pyridine centers in an @ fold (@/@; Figure 1 ). The conformations of 1-DMSO, 1-MeOH and 1-DMF-H2O solvates are also similar with both pyridine centers in @ fold (see ESI Figure S -1 for an overlay of all @/@ structures). In these structures either one (1-MeOH) or both (1-DMA-H2O, 1-MeCN-H2O, 1-DMF-H2O and 1-DMSO) of the outmost phenyl rings have a CH-π interaction with the spacer phenyl ring. 1-DCM solvate has a less folded structure, as one of the pyridine-2,6-dicarboxamide centers adopts an open S fold whereas the other one is in an @ fold (@/S; Figure  1 ). The outmost phenyl ring of the @ folded part of the molecule interacts with the spacer phenyl ring via CH-π interaction (3.041 Å) like in the other structures.
The crystal packing in all structures of foldamer 1 is based on intermolecular hydrogen bonding. In isomorphous @/@-structures (1-DMA-H2O and 1-MeCN-H2O) and in 1-DMF-H2O structure two water molecules connect two foldamers into pairs via bifurcated hydrogen bonds (OHw…O=C; graph set " " (20) ) and further to chains formed by these pairs (NH1…Ow, graph sets $ $ (13) and " " (20); Figure 1 ). The pairing is enhanced by ππ stacking between the pyridine centers P1 of the adjacent molecules. The solvent (DMA, MeCN or DMF) is hydrogen bonded to the outer groove of the fold (NH6…Solvent; D(2) motif). The difference of the crystal structures of isomorphous structures and 1-DMF-H2O comes from the efficiency of packing. In 1-DMA-H2O and 1-MeCN-H2O there is π-π stacking between the end phenyl rings (D), which is prevented in 1-DMF-H2O structure by the inclusion of one extra solvent molecule between the rings (See SI Figure S -2). In 1-DMSO solvate the intermolecular hydrogen bonds orient to two DMSOs, which fill the interstice between the foldamers. The foldamers still pack into layers: the grooves of the folds assemble parallel to each other and interact via π-π interactions (See SI; Figure S In 1-DCM and 1-MeOH solvates there are direct hydrogen bonds between the foldamers as two intermolecular hydrogen bonds between NH1 and C=O2 groups ( " " (14) motif) connect the foldamers into pairs. In case of the more open @/S conformation of 1-DCM structure, this leads to a niche for a disordered solvent molecule inside the pair of the awkwardly shaped molecules (Figure 1 ). In 1-MeOH solvate the pairs are further connected to chains via solvent mediated hydrogen bonds from MeOH to NH6 of one foldamer and C=O4 of the next pair (see SI Figure S 
Foldamer 2
Four different single crystal structures of foldamer 2 were obtained from acetonitrile, ethyl acetate, dichloromethane and DMSO solutions. Two of these structures, the MeCN and the EtOAc solvates (2-MeCN and 2-EtOAc), are isomorphous and the differences between all four structures are minor. In all four structures the P2 pyridine-2,6-dicarboxamide center adopts an @-fold, whereas the P1 center is in S-fold ( Figure 3 ). The overall conformation is compact, almost helical structure where two pyridines have parallel displaced π-interactions with each other and the end of the S-fold surrounds the helical part. The similarities are facilitated by the unsymmetrical linker unit, where the C=O4 group prefers to form the S-fold by hydrogen bonds to the NH groups of the pyridine-2,6-dicarboxamide unit P1 (graph set motifs S(6) and S(12)). The outmost NH1 finishes the S-fold by a hydrogen bond to O2 (S(7) motif; 2-DCM) or to O5 of the pyridine-2,6-dicarboxamide center P2 (S(20) motif; other solvates), which leads to slight difference in the orientation of the outmost phenyl ring. The @ folds around pyridine center P2 in isomorphous 2-MeCN and 2-EtOAc structures and in 2-DCM solvate are based on typical three hydrogen bonds between the outmost C=O group (O7) and NH groups of the P2 unit (S(7) and S(13) motifs) and to the next NH group (NH4) in the linker (S(16) motif). In 2-DMSO, however, the third hydrogen bond is missing as the amide NH4 is hydrogen bonded to solvent (D(2) motif). Also in the case of foldamer 2 the crystal packing is based on the pairing of molecules via direct intermolecular hydrogen bonding (NH7…O6; $ $ (14) motif; Figure 2 ). The solvents are located inside the cleft formed by two hydrogen bonded pairs of foldamers (DCM) or interstice in the crystal lattice (EtOAc and MeCN) (See SI Figure S-4 ). The exception to pairwise hydrogen bonding is the DMSO solvate, as DMSO disrupts this pattern and the intermolecular hydrogen bonds to two DMSO molecules (from NH7 and NH4 to O10A and O30A; D(2) motifs). Non-bonding hydrogens and disorder have been omitted for clarity and the solvents are shown with space fill model.
Foldamer 3
Two single crystal structures of the foldamer 3 were obtained from crystallizations in DMA and DMSO solution. Both structures have two @-folded pyridine-2,6-dicarboxamide units with typical hydrogen bonding patterns (S (7) and S(13) motifs), but the foldamer 3 does not have an overall helical conformation because the linker group constituting of three ortho-substituted phenyl rings is fairly rigid, thus separating the ends of the foldamer as independent folds, which can orient differently in respect to the spacer unit. The two conformers observed in the crystal structures are indeed distinctly different ( Figure 3 ). In 3-DMSO solvate the pyridine-2,6-dicarboxamide units of the molecule turn on the same side of the spacer (cis) giving a foldamer a bowl-like overall conformation with a solvent accessible cavity occupied by a disordered DMSO which is hydrogen bonded to NH4. The foldamer molecules are connected head-to-tail manner into continuous chains (NH8…O6; C(11) motif and NH1…O4; C(16) motif; Figure 3 ). In 3-DMA solvate the pyridine-2,6-dicarboxamide units are oriented on the different sides of the linker group (trans), which leaves the center of the foldamer open for interaction with solvents and enables the packing into ladder-like chains via direct intermolecular hydrogen bonding (O3…HN8) on one side and via solvent mediated hydrogen bonds on the other side (NH1…Os…HN5; Figure 5 ). Two DMA molecules are nested in between the directly hydrogen bonded foldamer pair and have intermolecular hydrogen bonds to the NH4 of the foldamers (NH4…Os). The conformational difference between the two solvates may be caused by the efficiency of packing, as nearly planar DMA enables denser packing than DMSO, as well as the hydrogen bonding preferences in each case.
Foldamer 4
The only crystal structure of foldamer 4 was obtained from ethyl acetate. The conformation is symmetrical with two S folds oriented on the opposite sides of the central phenyl ring. The meta-substituted spacer of foldamer 4 is not as planar and rigid as the ortho-substituted analogue of the foldamer 3, which might be a reason for the preference of S folds. The conformation is stabilized to a compact entity by an additional intramolecular hydrogen bond from outmost carbonyl C=O (O1 and O8) to central NH groups (NH5 and NH4, respectively). The packing of 4-EtOAc is based on continuous chains formed by intermolecular hydrogen bond from O3 and O6 to NH4 and NH5 of the neighboring foldamers. Two disordered EtOAc molecules fill the interstice between the chains.
Foldamer 5
Four single crystal structures of the foldamer 5 were obtained, three of which (5-Ac, 5-DCM and 5-DMF) are isomorphous and nearly helical structures with the outmost pyridine-2,6dicarboxamide units adopting an @ fold. In this case, the fold is stabilized by only two hydrogen bonds (S(7) and S(13) motifs) as additional hydrogen bonds are prevented because of hydrogen bonds to the pyridine-2,6-dicarboxamide center P3 at the spacer unit. This center facilitates significantly helical-type of folding by forming a third center for intramolecular hydrogen bonds. The helical folding of the foldamer leaves several hydrogen bonding groups exposed at the outer surface of the fold, which enables the formation of a complex intermolecular hydrogen bond network. The foldamers form pairs with two hydrogen bonds (NH8…O7) and these pairs are further connected to the chains of pairs via hydrogen bonds (NH1…O6) which connects each foldamer to three other foldamers; to one with two hydrogen bonds, to two with one hydrogen bond. In 5-CHCl3 solvate, however, the overall conformation is less folded and bowl-like, as pyridine-2,6-dicarboxamide center P1 adopts an S fold. The bowl-shaped molecule is occupied by the ends of the neighboring foldamers and solvents. The mutually included assembly is further strengthened by intermolecular hydrogen bonds between a pair of foldamers occupying each other's cavities (H8N…O7; $ $ (14) motif). The hydrogen bonded pairs pack together in a 2D plane by π-stacking from the sides of the bowls. The gaps between the 2D planes are filled with disordered solvents.
Structural comparison of the compounds
The solid state structures of a series of foldamers 1-5 show that the hydrogen bonding and the folding patterns of the pyridine-2,6-dicarboxamide units are reliably the same as observed with shorter oligoamide foldamers with only one pyridine-2,6dicarboxamide unit. [18] [19] [20] The role of the spacer unit for the overall conformation becomes evident, when comparing foldamers 1-3. In foldamer 3 the rigidity of the spacer separates the pyridine centers to act like individual folding centers and hinder the formation of S folds in the solid state. The position of individual centers in respect to relatively long, linear and rigid spacer may be either cis or trans, which induces either Z-shaped or bowl-shaped overall conformation, respectively. Both these conformations have an intrinsic niche or cavity for binding small guests, which is seen as solvent inclusion. In foldamers 1 and 2 the spacer is shorter and such individual behaviour of pyridine-2,6-dicarboxamide units is not possible. In foldamer 1 the short phenyl spacer plays only a minor role in conformational preferences and four different crystal forms with two distinctly different overall conformers are hence likely caused by packing effects. The foldamer 2, on the other hand, has unsymmetrical spacer which exclusively favors @/S conformation in the solid state and the differences in overall conformations of different crystal structures are only minor. Changing the substitution positions of the central phenyl ring from ortho to meta in foldamer 4 increases the flexibility of the molecule which changes both the overall conformation and behaviour of pyridine-2,6-dicarboxamide units. More flexible linker part enables the formation and stabilization of S folds by additional intramolecular hydrogen bonds. The overall conformation, however, is relatively compact. It is not possible to make any definite conclusions about the conformational stability and prevalence as only one crystal structure of foldamer 4 was obtained. Introducing a third pyridine-2,6-dicarboxamide unit as a spacer in foldamer 5 changes the intramolecular hydrogen bonding significantly, which is seen as a reduction of number of hydrogen bonds from three to two in @ folded conformations of pyridine centers P1 and P2. The foldamer 5 can be seen as an extended version of foldamer 1 and they indeed share similar types of conformations ( Figure 6 ). The foldamer 1 and 5 both have helical solvate structures and one more open structure. The difference between the two conformations observed is probably due to solvent interactions and packing. 
Solution state studies
Solution state studies were performed for foldamers 1-5 to compare their solution state conformations with their solid state structures and to see, if the solid state motifs are observed in solution. To this end, a suite of 2D of homo-and heteronuclear correlation experiments was employed in addition to 1D 1 H NMR and 13 C NMR experiments to yield a complete resonance assignment to all foldamers (see SI for details). 2D NOESY spectra were measured to obtain through space internuclear connectivities for conformational analysis. DMSO-d6 was used as solvent in all samples. The 2D NOESY spectra show that the foldamers adopt folded conformations in the solution and in the case of foldamers 3-5 the data is fairly consistent with conformations seen in the crystal structures. In the case of foldamer 1 the correlations show that the compound has a folded structure, but the correlations fit both solid state conformations equally well (see ESI Table S-3 for a detailed list of correlations). Two of the correlations, however, support the conclusion that the foldamer is folded also in solution (Figure 7a ). The correlation a shows an interaction between the hydrogens of aromatic ring A or D and the amide NH3 or 4. This correlation is possible in both @/@-and S/@conformations although based on the crystal structures 1-DMSO and 1-DCM the correlation is stronger in the @/@-conformation. Another observation supporting the conclusion about a folded conformation is the correlation b, which is an interaction between the hydrogens of aromatic ring B or C and pyridine ring P2 or P1. This correlation is also possible in both @/@-and S/@-conformations. The solution state conformation of foldamer 2 is likely to deviate from the one observed in the solid state. The correlations of the one half of the foldamer match the solid state conformation, while the other end does not correspond to any of the interactions seen in the crystal structures. The deviating correlations a-e are all located at the pyridine center adopting the S-conformation in the crystal structure (Figure 7b ; left side of the molecule, red lines). If the solution state conformation corresponded to the crystal structures, the correlation a should be found between NH1 and hydrogens on the opposite side of the aromatic ring S2 (para position to NH4 and NH5). Instead, the correlation is seen between NH1 and S2 hydrogens next to the amide groups. The same difference is observed with the correlation c (NH2) with respect to the orientation of ring S2. Correlation b between NH2 and aromatic ring A hydrogens is not possible in the crystalline state conformation, which indicates different orientation towards the end of the molecule compared with the crystal structures. Correlation d between NH2 and aromatic ring D hydrogens and correlation e between NH3 and aromatic ring A hydrogens further confirm the tighter and more folded orientation of the molecule end in solution. Correlations f-i (f = NH4 -D; g = NH5 -S1; h = NH5 -D; i = NH6 -S1) correspond well to the @-folded pyridine-2,6-dicarboxamide center of the crystal structures ( Figure 7b ; the right side of the molecule, green lines). These results indicate that the conformation of foldamer 2 in solution is probably @/@ instead of @/S that is exclusively seen in all crystal structures. The NOE correlations a-f of foldamer 3 agree well with the @ folds of the crystal structures (Figure 7c , Table 2 ). Additionally, a strong correlation (g) between the aromatic hydrogens of rings B and S2 suggests that the structure resembles the crystal structure 3-DMSO where the pyridine centers are in cis orientation with respect to the spacer. Given that DMSO was used as a solvent both in the solution and solid state studies, the observed similarities between the crystal structure and the NMR data are somewhat expected. Based on the roughly similar correlations of symmetrically equivalent bonds (see ESI Table S-3) , the conformation is nearly symmetrical in solution like in the solid state structure of 3-DMSO. The correlation f, however, differs from the distances of the crystal structures. This can be explained by permanent hydrogen bonding to solvent DMSO in the crystal structure. Another minor difference between the solution and solid state structures is the stronger correlation a between NH1 and NH3 in solution. The NMR spectra also show some peaks, which could be identified as an additional solution state conformation. No clear NOE correlations, however, that could be used to determine the features of this conformation were identified. The characterization of the solution state conformation of foldamer 4 was difficult because of many overlapping interactions and the presence of a second minor conformation in solution. Correlations a-d from NH2/7 and NH3/6 protons to aromatic hydrogens still indicate a folded conformation ( Figure  7d , Table S -3 in SI). Due to overlapping peaks of S2 and P1/P2 hydrogens and S2 and A/D hydrogens, however, it is not possible to unambiguously determine the conformations or how well they correspond to the solid state structure. NOESY spectra of foldamer 5 show several correlations that confirm a folded solution state conformation (Figure 7e , Table S -3 in ESI). Most of these correlations (b-f) are in agreement with both conformations observed in the crystal structures, while two correlations (g = P1-S2 and h = P3-D) narrow the conformation to resemble the @/@ structure, which is also more prevalent in the solid state. Correlation a, however, does not correspond to any of the interactions seen in the crystal structures. This suggests that although the solution state conformation resembles the helical @/@ conformation, it is still slightly different with respect to the orientation of the end of the molecule in the solid state. Alternatively, fast conformational exchange on the NMR timescale may take place between different structures.
Conclusions
Foldamers 1-5 with two or three pyridine-2,6-dicarboxamide centers and varying linker groups as their structural components show reliable folding patterns and stability of the desired oxyanion hole motif in respect to pyridine-2,6-dicarboxamide centers both in solution and in the solid state. Additionally, the number of pyridine-2,6-dicarboxamide centers can be multiplied without losing the essential structural features. The overall conformation of the foldamer varies depending on the linker unit. Foldamer 1 and foldamer 5, which is an extended version of 1, have similar ubiquitous helical conformations (@/@), but also alternative, more open structure in the solid state (@/S), probably caused by solvent effects during the crystallization. In the case of foldamer 1, no conclusive information about the solution conformation could be obtained, whereas in case foldamer 5 the prevalent conformation in solution appears to be @/@. The unsymmetrical linker unit of foldamer 2 directs the foldamers to have similar compact helical conformations in the solid state, whereas NOESY spectra indicate more folded @/@ type of conformer in solution. The flexibility of the metasubstituted linker group in foldamer 4 enables compact Sshaped folded conformation with additional intramolecular hydrogen bonds in contrast to the rigid ortho substituted spacer of foldamer 3 which enables the @-folded pyridine-2,6dicarboxamide units to orient in either trans or cis in relation to the center. The flexibility of foldamer 4 was also seen in solution, as no conclusive conformational information could be obtained and a possibility of alternative conformers was observed in NMR spectra. Our future studies will orient toward utilizing extended foldamers as anion hosts utilizing their conformational predictability, and on the other hand, conformational adaptability without losing the binding site structure, which creates a suitable binding site for, for example, halogen anions. [24] Additionally, anion binding capacity together with the resemblance to oxyanion hole motifs of enzymes provides excellent basis for future studies as enzyme-mimicking organocatalysts.
Experimental Section

Materials and methods
The synthesis and characterization details of foldamers 1-5 are presented in ESI. All starting materials were commercially available and used as such unless otherwise noted. Analytical grade solvents and Millipore water were used for crystallizations and slurries. NMR spectra were measured with Bruker Avance DPX250 MHz, Bruker Avance DRX 500 MHz or with Bruker Avance III HD 800 MHz spectrometer and the chemical shifts were calibrated to the residual proton and carbon resonance of the deuterated solvent. Melting points were measured in an Table 3 . Crystal data and data collection parameters. The data of the isomorphous structures and the data of the structures 1-DMF-H2O and 1-MeOH are presented in ESI. 
1-DMA-H2O
